I. INTRODUCTION
The hypothesis that Solar System objects of low albedo (some asteroids, planetary satellites, Centaurs, and Kuiper Disk objects) contain solid organic matter (e.g., Grady and Veverka 1 Guest observers at the United Kingdom Infrared Telescope. 1980) requires observational tests. Fully diagnostic determinations of the surface compositions of these bodies will likely require in situ chemical and structural analysis or the evaluation of returned samples. In advance of information of that kind, we can obtain remote sensing spectral observations to seek insight into the chemical and structural properties of the surfaces of many kinds of objects in the Solar System. Direct and unambiguous detection of organic solids on lowalbedo objects has proven to be very difficult. Centaur object 5145 Pholus seems to give the strongest spectroscopic evidence to date for the presence of some kind of light hydrocarbon (possibly solid CH 3 OH), revealed by an absorption band complex near 2.27 µm that is interpreted as a combination of C-H stretching and bending modes in a light hydrocarbon (Cruikshank et al. 1998) . The red color of the Pholus is most directly interpreted as the result of a surface consisting (in part) of a complex macromolecular carbon-bearing solid (e.g., Davies et al. 1993) . One hemisphere of Saturn's satellite Iapetus is also very red in color, and its spectrum shows a very strong absorption band centered near 3 µm that is attributed to a combination of H 2 O ice and a complex macromolecular carbon-bearing solid (Owen et al. 2001) .
Apart from their sometimes characteristic red colors, most organic solids thought to be relevant to Solar System bodies have no diagnostic spectral features in the wavelength region most readily available for study from ground-based telescopes (0.3-2.5 µm).
2 Some solid organic materials and some organicbearing meteorites (e.g., Murchison, Orgueil, etc.) show the presence of the characteristic carbon-hydrogen (C-H) stretching mode bands in absorption in their reflectance spectra in the 3.4-µm region (e.g., Jones 1988) . This band system is the most diagnostic feature of hydrocarbon materials, and these fundamentals are much stronger than their overtones that lie at shorter wavelengths. The spectral region around 3.4 µm is, however, difficult to observe from ground-based telescopes because of the interference of the Earth's atmosphere and other technical considerations related to telescopes and spectrometers.
The multicomponent C-H band complex arises primarily from -CH 2 (methylene) and -CH 3 (methyl) functional groups that occur in open-chain and cyclic aliphatic organic molecules. Methyl and methylene groups are also part of the short branching units that connect aromatic rings in the kerogen-like structure that characterizes much of the macromolecular carbon-bearing material in the carbonaceous meteorites (Kerridge et al. 1987) ; this macromolecular carbon is by far the most abundant organic phase in these meteorites. The aliphatic material in Murchison consists primarily of a diverse suite of branched, alkyl-substituted cycloalkanes (mono-, di-, and tricyclic alkanes with the structure [C n H 2n+1 ] n ; Cronin and Pizzarello 1990) . These cyclic alkanes may be produced from the hydrogenation of polycyclic aromatic hydrocarbons that are believed to form in carbon star atmospheres and stellar outflows. They are retained in the interstellar medium, probably with some processing by cosmic rays and the ambient ultraviolet flux field, and form a significant component of the dust in giant molecular clouds in which new stellar and planetary systems form. Some of the organic material in carbonaceous meteorites has a very similar isotopic composition to that of the interstellar medium, indicating that it is presolar in origin (e.g., Kerridge et al. 1987) . Cruikshank and Brown (1987) obtained spectra of the G-type asteroid 130 Elektra in a spectral region that included the 3.4-µm C-H band and reported a correlation of certain features in the spectrum with those of C-H in a specimen of the Murchison meteorite. The fact that this observation has not been confirmed or refuted for more than a decade attests to the difficulty of working in the 3-4 µm spectral region on sources of moderate or low brightness. With the exception of a study of ammoniated clays in the spectrum of Asteroid 1 Ceres (King et al. 1992) , to our knowledge there are no other published studies of asteroids in this spectral region with sufficient spectral resolution to address the question of weak C-H absorption bands. However, McCord et al. (1998) report a possible detection of the C-H feature in spectra of certain regions of Jupiter's satellites Ganymede and Callisto, observed with the near-infrared mapping spectrometer on the Galileo spacecraft.
We report here on new observations of 130 Elektra and six other low-albedo asteroids that cover the spectral region including the 3.4-µm C-H bands with higher spectral resolution and higher signal precision (S/N) than Cruikshank and Brown's (1987) spectrum. Among the seven asteroids observed in this work, we find no evidence for the presence of the C-H stretching bands.
II. OBSERVATIONS
The observations reported here were obtained at the United Kingdom 3.8-m Infrared Telescope (UKIRT) using its infrared array spectrometer, CGS4 (Mountain et al. 1990) , at various times between 1995 and 1999, as shown in Table I . Gratings with 40 and 75 lines/mm were used to obtain these spectra, together with camera focal lengths of 300 and 150 mm, such that the dispersions in the focal plane were approximately equal for all measurements. A 1.2-arcsecond-wide slit was used at all times, yielding spectral resolutions of approximately 0.005 µm for all measurements. Dwarf stars of mid F-to early G-type were observed at comparable airmasses to the asteroids and were used for flux calibration and the removal of telluric absorption features. Wavelength calibration was obtained from measurements of argon lines and is accurate to better than 0.001 µm.
At wavelengths longer than about 3 µm, main-belt asteroids are sufficiently warm that their thermal emission exceeds the reflected solar flux that characterizes their spectra at shorter wavelengths. The steep rise in thermal flux is one of the complicating problems in searching for a weak absorption band at 3.4 µm. The thermal flux can be removed computationally using a rigorous thermal model calculation (e.g., Lebofsky and Spencer 1989) , or small sections of the spectrum can be flattened by the removal of a polynomial. A flattened flux curve is more amenable to the detection of a weak absorption band. In the case of our spectra, the photometric accuracy is limited by a number of factors, starting with the entrance slit of the spectrometer, which admits less than the total flux of the asteroid (because of seeing smear and guiding fluctuations in the telescope). The resulting uncertainty in the measured flux basically results in an ad hoc thermal flux correction when a standard thermal model is used. We have therefore elected to use a polynomial flattening technique for the removal of the thermal continuum. To accomplish this removal, we defined a continuum at several wavelength points along the spectrum, avoiding the spectral interval 3.50-3.60 µm (where a putative C-H band complex would lie). Experiments with different choices of continuum removal all gave the same basic result of no appearance of C-H bands. One side effect of this approach is that it does not properly account for the presence of the broad absorption band attributed to hydrous silicates (phyllosilicates) that is seen in a number of low-albedo asteroids (e.g., Jones et al. 1990 ). This absorption is a combination of the OH 2.7-µm band and a broader molecular H 2 O band at 2.9 µm. Because of the focus of this paper, we do not consider the issue of asteroid phyllosilicates further.
The data, originally sampled at intervals of 0.005 µm, were smoothed by a six-point Gaussian function. The intrinsic full width (at half maximum) of the individual components of the C-H band system for which we are searching is about 0.06 µm, and a six-point Gaussian yields smoothed spectra with 0.03-µm resolution, or twice the intrinsic bandwidth. The uncertainty in the final spectra and the detectability of discrete spectral absorption bands can be further assessed by a visual inspection of the amplitude and frequency of variations in the smoothed line.
III. COMPARISON WITH CARBONACEOUS METEORITE SPECTRA
The resulting data for seven asteroids have been normalized and plotted in Figs. 1 and 2 . The figures also show a reflectance spectrum of the Cold Bokkeveld CM2 carbonaceous meteorite, and Fig. 1 also includes the Murchison meteorite (Jones 1988) . Cold Bokkeveld shows the C-H bands more strongly than Murchison (also CM2), in which it has been more widely discussed. The C-H bands characteristic of Murchison have been widely studied both in the bulk meteorite and in organic extracts obtained in various ways (e.g., DeVries et al. 1993) . The C-H bands in Murchison closely match the wavelengths and strengths of C-H bands found in the interstellar medium in our Galaxy (Ehrenfreund et al. 1991 , Pendleton 1997 , Pendleton and Allamandola 2002 and in other galaxies (Pendleton 1996) . Cold Bokkeveld and Murchison also contain hydrated minerals (Zolensky and McSween 1989 ) that produce a strong absorption band from 2.9 to 3.6 µm, but the C-H bands can clearly be distinguished when superimposed on the broader hydrous silicate band (e.g., Sandford 1984, Calvin and King 1997 (their Fig. 7) ). Salisbury et al. (1991) caution that the C-H bands in laboratory samples taken from the surfaces of meteorites may arise at least in part from pollution of the laboratory environment with vacuum pump oils.
The meteorite spectra shown here are reflectance spectra of sifted powdered bulk specimens with particle size <75 µm. We have removed the slope of the 3-µm hydrous silicate band with a polynomial, as with the asteroids, to assess more accurately the strength of the C-H bands and to show them in comparison with the asteroid data, from which the continuum slopes have also been removed computationally.
In Cold Bokkeveld, the maximum absorption depth of the C-H band complex is 7% of the continuum level, and in Murchison it is only 2%. Most of our asteroid data do not have sufficient signal precision to allow unambiguous detection of absorptions that weak, but for 19 Fortuna, 130 Elektra, and 87 Sylvia a 7% absorption could be seen in the data shown in Fig. 1 , if it were there.
The association in primitive carbonaceous meteorites of hydrocarbons and minerals that demonstrate the chemical interaction with liquid water leads naturally to a search for the hydrocarbon (C-H) spectral signature on asteroids that show the strong absorption band of hydrous silicates. The hope, of course, is to find asteroidal parent bodies for specific meteorites or classes of meteorites. As Jones et al. (1990) , Vilas (1994) , and others have shown, evidence for hydrous silicates is found in several classes of low-albedo asteroids; the trend is for increasing degrees of water of hydration in the asteroid class sequence P → B → C → G.
IV. UPPER LIMITS TO THE C-H BAND IN SEVEN ASTEROIDS
Here we summarize our knowledge of the compositions of the asteroids observed in this work and estimate the upper limit
FIG. 1.
Reflectance spectra of three low-albedo asteroids of the G type. The continuum has been flattened and normalized, as described in the text.The data are shown with the original sampling (noisy curves) and after smoothing, as described in the text. The spectra in the top two panels are diffuse reflectance spectra of pulverized specimens (particle size <75 µm) of the Cold Bokkeveld and Murchison CM2 carbonaceous meteorites (Jones 1988, Figs. 3.43 and 3.39, respectively) . The meteorite spectra and the asteroid spectra have had continuum slopes removed, as discussed in the text. Note the different scale on the ordinate for 13 Egeria.
to the strength of the C-H absorption bands, using the spectra presented here and a visual extrapolation of the appearance of the C-H band complex. The asteroid classes are taken from Tholen (1989) , and the estimated diameters are from Tedesco (1989) . (Tholen Class G, Jones et al. (1990) found a strong hydrous silicate band at 3 µm for this asteroid. Our spectrum in Fig. 1 is too noisy to reveal a C-H band complex with strength less than about 10%. No such feature is detected in these data. (Tholen Class G, km) Jones et al. (1990) found a hydrous silicate band of moderate strength for this asteroid, while Vilas (1994) found an absorption band at 0.7 µm and attributes it to charge transfer (Fe 2+ to Fe 3+ ) in iron oxides. Our spectrum in Fig. 1 is quite smooth through the region of the C-H band, and we estimate that if the band complex
A. 13 Egeria

B. 19 Fortuna
FIG. 2.
Reflectance spectra of four low-albedo asteroids. The spectra were flattened, smoothed, and normalized as in Fig. 1 . The Cold Bokkeveld spectrum is the same as in Fig. 1 . Note that the scale on the ordinate for the asteroids is different from that for the meteorite.
were present in the 7% band strength of Cold Bokkeveld, we could detect it. The spectrum of Fortuna shows a distinct drop at ∼3.35 µm and a slightly depressed level between 3.35 and 3.5 µm relative to the rest of the spectrum. This region is fairly similar to the organic absorption band region in the meteorites, but the significance of the deviation from a flat spectrum is not high enough for us to regard this as a detection. Feierberg et al. (1985a) and Lebofsky (1980) found no hydrous silicate band for this asteroid, nor do we see it in our spectral data, the fullest extent of which covers the region 2.4 to 3.6 µm. Vilas (1994) notes that Cybele has neither the 0.7-nor the 3-µm bands. Our spectrum in Fig. 2 is too noisy to reveal a C-H band complex with strength less than about 20%. No such feature is detected in these data. (Tholen Class P, No hydrous silicate was found for this asteroid in the study by Feierberg et al. (1985b) , nor do we see it in our spectra. Vilas (1994) notes that Sylvia has neither the 0.7-nor the 3-µm bands. We estimate that we could see the C-H band complex in the spectrum of Sylvia in Fig. 2 if its strength were about 7% or greater. We do not see any such absorption band in this spectrum. (Tholen Class G, This G-type asteroid has a moderately strong 3-µm band diagnostic of hydrous silicates (Jones et al. 1980) . Vilas et al. (1993) attribute the 0.43-µm absorption band to Fe 3+ . A feature at 0.7 µm, reported by Vilas and Gaffey (1989) , was attributed to charge transfer (Fe 2+ to Fe 3+ ) in iron oxides. Our spectrum in Fig. 1 is sufficiently smooth to show the C-H band complex if it were as strong as the 7% in Cold Bokkeveld, but we do not detect it. An absorption strength as low as that in the bulk Murchison sample would not be detectable in our spectrum of Elektra. (Tholen Class P, Our spectrum in Fig. 2 is too noisy to reveal a C-H band complex with strength less than about 20%. No such feature is detected in these data, nor do we detect any water of hydration band in our data. No other relevant compositional information is available.
C. 65 Cybele (Tholen Class P, Diameter-245 km)
D. 87 Sylvia
E. 130 Elektra
F. 140 Siwa
G. 336 Lacadiera (Tholen Class D, Diameter-72 km)
We do not detect any water of hydration band in our data. Our spectrum in Fig. 2 is too noisy to reveal a C-H band complex with strength less than about 10%. No such feature is detected in these data. No other compositional information is available.
V. CONCLUSIONS
Meteoritic hydrocarbons and other macromolecular carbon are important components of the complex organic matter distributed throughout the inner Solar System. The concentrations of soluble organic compounds in the carbonaceous meteorites are several hundred parts per million (Cronin et al. 1988, Table 10 .5.1), while the insoluble material amounts to several weight percent, particularly in the CI and CM chondrites. The aliphatic hydrocarbons, the principal molecules giving rise to the C-H bands, amount to >35 parts per million of the bulk Murchison meteorite (Kvenvolden et al. 1970) . Taken together with the bulk components, many of which are optically opaque, the resulting C-H stretching mode bands in meteorites are not very strong. We note that of the 16 carbonaceous meteorites for which Jones (1988) shows reflectance spectra, the C-H stretching mode band complex is strongest in Cold Bokkeveld, Warrenton (CO), and Orgueil (CI); the spectrum we selected for inclusion in Figs. 1 and 2 shows the band at its maximum strength. The bending (deformation) mode bands of C-H near 6.87 µm are stronger than the stretching mode bands, and indeed they are visible as a single blended absorption feature in the laboratory spectra reproduced by Jones (1988) . In some meteorite spectra the bending mode band is disturbed by other nearby absorption bands due to minerals. Moreover, the 6.87-µm band cannot be detected on astronomical objects from ground-based telescopes because of the interference of the Earth's atmosphere. Future spectroscopic studies with space-based telescopes may give a better perspective on this elusive part of the spectrum.
Although we have focused on the band complex at 3.4 µm in aliphatic compounds (single C-C bonds), carbon is also found in meteorites, interplanetary dust particles, interstellar clouds, and terrestrial materials in the form of aromatic structures (unsaturated cyclic hydrocarbons containing one or more rings). C-H bonds in these structures often produce a spectral band (absorption or emission) at 3.3 µm. Some 2-10% of the carbon in interstellar clouds is in the form of gas-phase aromatic molecules and >5% of the carbon is in solid aromatic material (Allamandola et al. 1997 , Table I ). An absorption band due to aromatic carbon structures is found in the 3.28-3.30 µm region in graphite, anthracite, and coal tar extract (E. A. Cloutis, private communication; Moroz et al. 1998 ). While there is no similar band seen in the carbonaceous meteorites, some of them contain numerous soluble aromatic species, amounting to as much as 28 ppm (Cronin et al. 1988) ; insoluble kerogen-like material accounts for somewhat more aromatic material. As spectroscopic capabilities in asteroid studies improve, investigators should be alert to the possibility that aromatic carbon-bearing materials may eventually show their presence. Unfortunately, the 3.3-µm region is even more difficult to study than the 3.4-µm region from ground-based telescopes because of the strong absorption by atmospheric methane and water vapor. For example, our spectrum of 130 Elektra (Fig. 1) shows a possible weak absorption at 3.25-3.30 µm, but we do not regard this as reliable because of the difficulty of removing telluric atmospheric effects from the data.
Asteroid 130 Elektra does not show spectral evidence for the C-H hydrocarbon band in the data presented here, which are significantly improved in resolution and signal precision over the data shown by Cruikshank and Brown (1987) . None of the lowalbedo asteroids shown here show any evidence for the presence of the C-H band at various levels of confidence, depending on the signal precision of the spectrum of each object.
Should we expect to see the C-H band in diffuse reflectance from the surface of an asteroid that is the parent body of CM meteorites? The surfaces of small bodies unprotected by atmospheres are altered by various agents of space weathering that change their optical characteristics. For example, the Moon's spectral reflectance is changed by the impact of solar wind particles on the surface grains (Pieters et al. 2000) , and the parent asteroids of the ordinary chondrite meteorites are apparently disguised so as to make the connections difficult to establish. Perhaps the C-H band is removed by space-weathering factors. The presumed parent bodies of the carbonaceous meteorites may indeed have such low surface reflectances because of residual elemental carbon produced in the dehydrogenation of C-H-bearing hydrocarbons by the solar wind. At the same time, however, we note that the water of hydration band seems to persist in several asteroids, and in the case of Centaur 5145 Pholus, the spectral signature of a light hydrocarbon (Cruikshank et al. 1998 ) is present. Pholus is a recent (∼10 6 year) addition to the planetary region of the Solar System, so its surface may not yet be significantly altered by the solar wind, but the water-signaturebearing asteroids have been present for as long as the Solar System.
At the present time, we cannot answer the question posed above, but additional observations and space missions to primitive bodies in the outer Solar System will continue to elucidate the properties of these objects and the processes that act on their surfaces.
